bounded compartments, ATP-dependent self-compartmentalizing proteases such as the proteasome, HslV, ClpP, or Lon are responsible for the bulk of the protein turnover.
an aminopeptidase from the archaeon Sulfolobus solfataricus (41.2% identity) (Figure 2 ). However, Aap1p and Ape2p from S. cerevisiae also showed significant similarity to F2 (Aap1p versus F2, 30.7% identity; Ape2p versus F2, 30.6% identity, respectively). The first half of the protein (residues 99-445 of F2 protein), which contains the zinc-binding motif HExxH(x) 18 E (x is any residue) at position 271-294, is highly conserved.
Unexpectedly, in the course of the ongoing T. acidophilum genome sequencing project in our laboratory (A. Ruepp et al., unpublished data), a gene fragment encoding 338 amino acids with high similarity to the N-terminal sequence of F2 protein was found. We cloned the gene fragment encoding the missing C-terminal region of this protein by the same experimental procedure used for cloning of the F2-encoding gene. Upon sequencing, the cloned DNA revealed a 2,343 bp ORF that encoded 780 amino acids, with a calculated molecular weight of 89,379 kDa and an estimated pI of 5.63 (Figure to 424 of F2 protein) including the zinc-binding motif. In the following, we refer to this new protein as F3.
Results

Expression and Characterization of the Recombinant F2 and F3 Proteins Isolation and Cloning of Tricorn Protease Interacting Factor 2 from Thermoplasma acidophilum
For further characterization of F2 and F3 proteins, an expression vector was constructed that carried a (His) 6 -Along with the original discovery of TRI, we found two interacting factors, termed F1 and F2, that were appartag fused to the F2 or F3 protein at the C terminus, and expressed recombinant proteins were purified by Niently able to modulate the activity of TRI (Tamura et al., 1996a) . While F1 was identified and characterized as a NTA affinity chromatography and hydroxyapatite chromatography ( Figure 1B ). As expected, both recombinant proline iminopeptidase (Tamura et al., 1996b) , the identity of F2 was not established at the time. In the following, proteins showed aminopeptidase activity (Table 1) . F2 protein showed a broad specificity against neutral, hywe report the isolation of F2 from Thermoplasma cells and the cloning of its gene. drophobic, and basic amino acid substrates with an about equal level of specific activity against H-Ala-AMC, H-PheThroughout the purification procedure, the activity of F2 was monitored as an enhancement of Boc-LRR-AMC, H-Leu-AMC, H-Tyr-AMC, and H-Arg-AMC. F3 displayed a narrower specificity; it had a particularly strong AMC-cleaving activity upon mixing fractions with recombinant TRI. In seven chromatographic steps, 4.25 H-Glu-AMC-hydrolyzing activity that was not observed with F1 and F2. Furthermore, both F2 and F3 released mg of F2 protein of more than 95% purity was obtained from 4.2 g of T. acidophilum cell crude extract. When AMC from several di-and tripeptides we tested, but those activities were much lower than those found with amino resolved by SDS-PAGE, the isolated protein showed a single major band at 89 kDa and a few faint bands at acid substrates, indicating that both enzymes have a strong preference for very short peptides. Inhibitor exlower molecular weight ( Figure 1A ). Superose12 FPLC chromatography indicated that F2 protein exists as a periments with a variety of compounds showed that the peptidase activities of both F2 and F3 were inhibited monomer (data not shown). The purified F2 protein was subjected to amino acid microsequencing, and six parefficiently by heavy metal chelators such as o-phenanthroline and EDTA and also by the aminopeptidase intial sequences, including the N-terminal sequence, were obtained. In order to clone the gene encoding the F2 hibitor bestatin (data not shown). To investigate whether F2 or F3 protein enhanced protein, we constructed oligonucleotides and carried out linear and inverse PCR using T. acidophilum chropeptidase activities upon mixing them with TRI, we measured peptidase activities against several synthetic flumosomal DNA as a template. Sequencing of the amplified DNA revealed a 2,352 bp open reading frame (ORF) orogenic peptides (Table 2) . F2 in conjunction with TRI indeed showed dramatically enhanced peptidase activiencoding 783 amino acids that contained all the peptide sequences obtained by microsequencing and had a calties against several synthetic peptides (Boc-LRR-AMC, Suc-LLVY-AMC, Z-ARR-AMC, and Z-RR-AMC), even culated molecular weight of 88,854 kDa and an estimated pI of 5.53 (Figure 2) . though each protein alone was hardly able to attack these substrates (Table 2) . However, F3 in conjunction A BLAST homology search displayed that the derived primary structure of F2 showed significant overall simiwith TRI showed much less enhancement of peptidase activities. These data suggested to us that the peptidase larity to several zinc-dependent aminopeptidases from all three domains of life. The highest similarity was to activities generated by mixing F2 and F3 with TRI are dependent on the substrate specificities of F2 and F3 o-phenanthroline at 1 mM inhibited approximately 90% of the F2 H-AAF-AMC-hydrolyzing activity, while TRI and that AMC is released from the substrates not by TRI but its interacting factors. retained 90% of its activity ( Figure 3A, bottom panel) . Interestingly, the TRI-dependent peptidase activity against Boc-LRR-AMC (see Table 2 ) was inactivated by both Tricorn Protease and Its Interacting Factor F2 inhibitors with inhibition curves similar to those shown Degrade Peptide Substrates Sequentially for F2 (with o-phenanthroline) or TRI (with TPCK), sugTo obtain further insights into the mode of interaction gesting that both TRI and F2 activities are indeed rebetween TRI and its interacting factors, we measured quired for efficient hydrolysis of this substrate. peptidase activities in the presence of the protease inIn the following experiment, Boc-LRR-AMC was preinhibitors tosyl-L-phenylalanyl-chloromethyl ketone (TPCK) cubated with either F2 or TRI, the enzymes were reor o-phenanthroline ( Figure 3A) . moved by filtration, and the flow-through fractions were The H-AAF-AMC-cleaving activity of TRI was inactiincubated with the enzyme not used for preincubation vated by TPCK in a dose-dependent manner, while F2 (i.e., samples preincubated with TRI were now incubated remained fully active; at a concentration of 100 M TPCK, TRI lost 90% of its activity ( Figure 3A, top panel) .
with F2 and vice versa). An increase in fluorescence was hanced (≈100 M/hr) when TRI was added to ␣-casein samples that had been preincubated with Thermoonly observed when TRI incubation was followed by F2 plasma proteasomes for 2 hr ( Figure 4A ). This suggested incubation, but not when the order was reversed (data to us that TRI further hydrolyzes oligopeptides genernot shown). This result suggested to us that the TRIated by the proteasome. To test this hypothesis, ␣-casein dependent peptidase activity results from a sequential was exposed to proteasomes, undegraded protein and reaction and that TRI yields an intermediate product proteasomes were removed by filtration, and the flowthat is hydrolyzed further by F2. To verify this hypothesis, through fractions were incubated with TRI. In fact, TRI we continuously monitored AMC release from Boc-LRRrapidly hydrolyzed the degradation products generated AMC in reactions containing different amounts of F2 by the proteasome ( Figure 4B ). This indicated to us that and a fixed amount of TRI ( Figure 3B ). After initiation TRI's function is to shorten oligopeptides generated by of the reaction by enzyme addition, the period of time the proteasome. We postulated that cytoplasmic prorequired to reach steady state decreased in an F2 doseteins are initially cleaved by ATP-dependent proteases dependent manner and showed a kinetic pattern charsuch as the proteasome or protease Lon, yielding oligoacteristic for coupled or sequential enzymatic reactions peptides too large to be attacked directly by aminopepti- (Roberts, 1977) . We tested TRI-dependent peptidase dases. TRI degrades these oligopeptides and channels activity using several synthetic peptides; in all cases, the products to its interacting factors F1, F2, and F3, the activity increased in an F2 dose-dependent manner which then catalyze the terminal degradation step, yieldand reached a plateau upon addition of 800 ng of F2 ing single amino acids. protein ( Figure 3C ). These results indicated to us that To test this hypothesis, we used oxidized insulin B-chain TRI cleaves the peptides such that the products can be as a substrate and monitored its degradation upon exhydrolyzed efficiently by F2 and AMC is released.
posure to different combinations of enzymes (Figures To identify the type of intermediate products that are 5A and 5C). When incubated with an equimolar mixture generated by TRI, four synthetic peptide substrates of F1, F2, and F3 (Fs), no degradation was observed. were incubated with TRI and subjected to mass specWhen incubated with TRI, the insulin B-chain was detrometry ( Figure 3D ). TRI cleaved all four peptides graded, albeit slowly; after 3 hr, 63% of the substrate and generated the following intermediate products:
was still undegraded ( Figure 5A ). The degradation patBoc-LR(↓)R-AMC, Z-R(↓)R-AMC, and Z-AR(↓)R-AMC. Suctern we observed was quite different from that gener-LLVY-AMC was cleaved by TRI between Suc-LLV and ated by the proteasome (Pro) ( Figure 5C ). Interestingly, Y-AMC, but the generated Suc-LLV peptide could not as products accumulated with time, the ratio of the rebe detected clearly, possibly because of further degraspective peak areas in the chromatograms did not change dation. The TRI cleavage sites and peptidase activities (except for a single peak at 16.5 min), suggesting that are summarized in Table 3 . These data prove that the TRI generates the same characteristic peptides from TRI-dependent peptidase activity results from two sethe beginning (
Figure 5B When the insulin B-chain was exposed to TRI in combipreferably after basic or hydrophobic residues ( Figure  7B ). Upon prolonged exposure to TRI, the majority of nation with the three interacting factors, most of the degradation products generated by TRI were further degradation products had a size of 3-4 residues. hydrolyzed, yielding free amino acids that appeared as retarded unbound peaks (Ͻ8 min). Obviously, the pepDiscussion tides generated by TRI have the right size to be degraded by aminopeptidases.
Our experimental data suggest that in Thermoplasma As expected, the Thermoplasma proteasome degraded cells proteins are degraded in a pathway in which the the insulin B-chain swiftly (1/2t Х 30 min) ( Figure 5C) . proteasome, TRI, and its three aminopeptidase-interThe relatively complex pattern of peaks remained unacting factors, F1, F2, and F3, degrade proteins in a changed in its characteristics with time, indicating that sequential manner (Figure 8 ). In fact, we have been able the proteasome does not redigest the peptides it has to reconstitute the entire pathway in vitro from purified generated. Therefore, peptides that are typically 6-12 recombinant proteins. residues long accumulate. When the insulin B-chain was It is well established now that the proteasome, with the incubated with both proteasome and TRI, the peptides assistance of regulatory complexes, degrades proteins generated by the proteasome were degraded further processively (Akopian et al., 1997), generating a pool of and new peaks appeared. When in the absence of TRI oligopeptides. Typically, the degradation products have the three interacting factors and the proteasome were a size of 6 to 12 residues (Wenzel et al., 1994; Niederused in combination, free amino acids were generated mann et al., 1996; Kisselev et al., 1998). In eukaryotic from proteasome degradation products, appearing as cells, the 20S proteasome associates with a regulatory retarded unbound peaks (Ͻ8 min), but several peptides particle, the 19S cap. This complex of about 15 different remained resistant to the aminopeptidases and accusubunits provides the link to the ubiquitin system that mulated with time. However, when the proteasome, TRI, confers specificity to proteasomal protein degradation and the three interacting factors were used in combina- . A key component of this regulatory tion, most of the degradation products generated by the particle is an array of AAA ATPases, which probably proteasome disappeared quickly and eluted as unbound form six-membered rings at the entrance to the 20S material. Interestingly, the time course of the disappearcore complex. This ATPase ring is believed to unfold ance of intact insulin B-chain was nearly the same with target proteins and, perhaps, assist their translocation the proteasome alone and in combination with TRI; alinto the proteolytic core (Lupas et al., 1993; Rubin and though TRI alone is able to cleave the insulin B-chain, Finley, 1995; Baumeister et al., 1998). Proteasomes are it clearly has a preference for oligopeptides. ubiquitous in archaea and in all hitherto sequenced archTo obtain a better estimate of the size of insulin B-chain aeal genomes also AAA-ATPases closely related to degradation products generated either by the proteathose found in the 19S regulatory proteins of eukaryotes some alone or by the proteasome in combination with have been found. There is in fact evidence that also in TRI, products were characterized by a size-exclusion archaea proteasomes degrade their target proteins in chromatography ( Figure 6A) . The degradation products an ATP-dependent manner (P. Zwickl et al., unpublished generated by proteasome eluted as two major peaks observation). In bacteria, the occurrence of genuine prowith molecular weights around 1000 Da and 650 Da, teasomes appears to be restricted to actinomycetes. respectively. In the presence of TRI, a new broad peak All those species having proteasomes also have a gene (M r ϭ 300-600 Da) appeared while the aforementioned encoding an AAA-ATPase with features characteristic peaks decreased concomitantly. When fractions from for proteasomal ATPases (Wolf et al., 1998; Nagy et al., new UV peaks were subjected to MALDI-TOF mass analsubmitted). Other bacteria, including E. coli, possess ysis and the spectra were compared to spectra from a simpler ATP-dependent proteasome-related particle corresponding fractions from experiments done with referred to as HslUV (Rohrwild et al., 1996, 1997). All proteasomes alone, the appearance of numerous new these complexes are able to degrade folded proteins in peaks in the low molecular weight range (350-600) was an energy-dependent manner; thus, they are well disobvious ( Figure 6B) . Moreover, mass spectra of the 1000 posed to make the first attack on proteins targeted for Da, 650 Da UV peak fractions and the unfractionated degradation. cleavage mixtures also showed a clear shift of mass While malfunctions of the proteasome system have peaks to the low molecular weight range in the presence serious consequences and are mostly lethal in eukaryof TRI (data not shown). These data strongly indicate otes , this is not the case with Therthat TRI degrades and shortens oligopeptides genermoplasma cells. In fact, in vivo inhibition studies have ated by the proteasome.
shown that the proteasome is dispensable under normal To further characterize degradation products genergrowth conditions, but not when cells are exposed to ated by TRI, we searched for peptides that the proteastress (Ruepp et al., 1998). This indicates that Thersome was unable to degrade. We found several such moplasma has some redundancy in its proteolytic syspeptides and used one of them, Dynorphin A (10 resitem that allows it to compensate for the inactivation of dues), as a model substrate. This peptide was incubated the proteasome. An obvious candidate to provide such with either TRI or the proteasome, and the degradation a backup function is the ATP-dependent protease Lon, products were analyzed by reverse-phase HPLC and which, according to existing genome data, is found in all mass spectrometry. While TRI degraded the Dynorphin archaea (including Thermoplasma) and bacteria. While A peptide rapidly (1/2t ϭ 30 min), it was hardly delittle is known about the structure of Lon, it has been graded by the proteasome (Figure 7A ). Mass spectrometry showed that TRI cleaved the peptide at multiple sites, shown to generate peptides 3 to 24 amino acids in length ␣-casein, proteasome, and TRI were 1 mg/ml, 148.6 nM, and 54.4 (B) MALDI-TOF mass analysis. Fraction eluting between 300-600 nM, respectively. After a 2 hr digestion of casein by the proteasome, Da in (A) was collected and subjected to MALDI-TOF mass analysis.
half of the reaction solution was transferred to a new tube and, TRI Quantification of peptides in mixtures by mass spectrometry is was added to a final concentration of 54.4 nM. known to be problematic due to suppression effects (Kratzer et In order to analyze the peptidase activity of TRI, ␣-casein was al., 1998). Extreme care was taken to measure the samples under exposed to proteasomes under the same conditions as described standardized conditions as described under Experimental Proceabove. After a 4 hr digestion period, proteasomes and undegraded dures. Internal standard peptide is marked by *.
casein were removed by filtration (Nanosep-10, Pall Gelman Sciences), and the flow-through fractions were incubated with TRI in 300 l of 50 mM HEPES-NaOH (pH 8.0) at 60ЊC. The concentration of oligopeptides corresponded to 420 M ␣-amino groups. TRI conwas added to reaction mixtures for the stabilization of F2 and F3 proteins. For terminating the reactions, 100 l of 10% SDS and 1 centrations were 5.4 nM or 13.6 nM, respectively. Aliquots were removed at different times, and the enzymatic reaction was stopped ml of 0.1 M Tris-HCl (pH 9.0) were added to the 100 l of reaction mixture. AMC released from substrates was monitored fluorometby addition of an equal volume of 0.4% trifluoroacetic acid (TFA). Ten micrograms of the samples were mixed with 100 l of 50 mM rically.
In order to measure the time course of Boc-LRR-AMC-cleaving sodium phosphate buffer (pH 8.0) and 50 l of an acetone solution of fluorescamine (0.3 mg/ml). The mixture was vortexed, and 1 ml activity, 450 l of 50 mM Tris-HCl (pH 8.0) was preincubated with 90 nmol of substrate and 13.5 g of bovine serum albumin at 56ЊC. of 50 mM sodium phosphate buffer (pH 8.0) was added. Fluorescence was measured fluorometrically. The amino groups generated The reaction was initiated by addition of 500 ng TRI and 0.1-2 g of were estimated using several concentrations of L-Leucin as a respectively. The degradation rate was monitored by means of reverse-phase HPLC analysis as described above. standard.
